Colloidal liquids usually appear turbid due to the strong multiple scattering of electromagnetic waves from the particles in suspension. As the concentration increases, particle interactions induce positional correlations which generally lead to a reduced optical density (higher transparency). However, the optical properties of a colloidal liquid can be manipulated by tuning the interaction potential between particles. In the presence of repulsive interactions, colloidal liquids show fascinating photonic properties despite their overall disorder. Short range structural order enhances the scattering strength at certain configurations while at the same time the total light transmission shows strong wavelength dependence, reminiscent of photonic crystals. The tunable optical properties of these photonic liquids suggest potential applications such as transparency switches or improved sunblockers. On the other hand the interplay between order and disorder and the scattering properties of these systems are strikingly similar to those discussed in the transport of electrons in liquid metals. Close to the Bragg condition the transport cross section becomes anisotropic and the transmission coefficient is reduced. In materials with high refractive index mismatch such an effect might open an alternative pathway to localization of light
INTRODUCTION
Variations in the dielectric properties of a medium lead to scattering events and typically with increasing amount of scattering the material appears opaque. If such variations can be neatly controlled over macroscopic distances however, totally new, so called photonic properties may appear [1] [2] [3] [4] . At the core of the design of these new materials lies the intelligent way structures are assembled on length scales comparable to the wavelength of light. There are two main promising concepts to achieve lossless guidance and manipulation of light based on seemingly opposite principles: order or disorder. Photonic bandgap materials (PBG) are based on periodic structures predicted to inhibit light propagation completely [1] [2] [3] [4] . In the case of disorder, light cannot propagate in the material due to recurrent interference called strong Anderson localization (SAL) 2, 5 . Attempts to enter these regimes for visible wavelengths often rely on the unique properties of colloidal particles which are chosen both random in size and structure (SAL) or monodisperse and crystalline (PBG) 4, [6] [7] [8] . For colloids typical length scales match the wavelength of visible or near infrared-light. Furthermore colloidal particles self-assemble through Brownian motion, certainly the most efficient route to create large scale structures. Tremendous efforts have been made in engineering random or crystalline configurations 4 . In this article we describe a different approach to photonic materials. We analyze the optical properties of amorphous colloidal structures rather than the solid phases usually studied. By tuning the interaction potential between the particles we are able to control the degree of order or disorder and thus explore photonic properties in a completely new regime. Figure 1 shows a tentative phase diagram of assemblies of dielectric spheres that interact via repulsive forces such as Coulomb interaction or excluded volume. At high densities and strong interactions crystalline structures are found while in the opposite corner the particle positions are completely random. An intermediate fluid regime with a liquid structure is characterized by pronounced short range order but the absence of long range translational symmetry 9, 10 . It is on this regime where we will focus our attention throughout the following text [11] [12] [13] . 
Photonic crystals

Volume fraction
Short-range order leads to a peak in the pair correlation function g(r) at the mean distance d. This results in a pronounced peak in the structure factor S(q).
The transport mean free path l* shows then a minimum close to the Braggresonance condition λ=2d which can be seen in the optical transmission spectra T(λ). 
Photonic liquids
LIGHT PROPGATION IN DISORDERED MEDIA
First we would like to introduce the important parameters that characterize the transport of light. The transmission coefficient (T) for a non-crystalline, non-absorbing medium follows Ohm's law, in full analogy to the case of disordered electronic conductors, with l * being the photon transport mean free path:
For uncorrelated scatterers (dilute limit) the optical density 1/l* increases linearly with the particle volume fraction (or particle number density ρ respectively):
A theoretical description on how the local order influences the transport of light was given by Maret and Fraden in 1990 14 . The relation between l * and the (liquid) structure factor S(q) is given by the number density ρ and the transport cross section σ tr :
where q=2k 0 sin(θ/2) , k 0 =2πn/λ for scattering in the range Θ = 0-180°. As the concentration increases, excluded volume interactions induce positional correlations which usually lead to much increased l* values [14] [15] [16] [17] (the most disordered sample is expected to scatter most efficiently and furthermore for φ → 1 (no scattering contrast) 1/l*vanishes). For the simple case of hard spheres-like systems this behaviour has indeed been confirmed for different particle sizes and bimodal mixtures 14, 16, 18 .
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PHOTONIC LIQUIDS. TUNING THE OPTICAL TRANSMISSION BY LOCAL ORDER
In our experiments 12 , the peculiar properties of highly charged particles in suspension are used to control and manipulate the degree of order-disorder: Coulomb repulsion leads to pronounced positional correlations such that the particles stay, on average, at the maximum possible distance d 9, 19 . One key element of our study is the preparation of these dense colloidal suspensions in a regime where the electrostatic interaction potential is strong and long ranged, but crystallization is suppressed. Such systems are not readily available since in typical salt-free aqueous suspensions crystallization already occurs at very low densities 3 
10
− Φ ≤ 19 . However the onset of crystallization can be nicely tuned to when a mixture of water and ethanol is used as a solvent 20 . Our sample consists of negatively charged polystyrene particles with a mean diameter of σ = 114±5 nm and intrinsic polydispersity of ca. 9% (from dynamic light scattering). We selectively choose the solvent ionic strength, and thereby tune the interaction between particles from charged spheres to hard spheres. The optical characterization (Figure 2) shows that, over a wide range of concentrations, the charged systems are optically more dense compared to the hard-sphere systems (and even compared to the noncorrelated limit, * 1/ l ∝ Φ ) in strong contrast to previous results 14, 16 . Figure 2 Optical density 1/l* of polystyrene particle suspensions (diameter 114nm) at different concentrations (volume fraction φ) for λ/n=390nm. Solid line: Calculation for charged-spheres with an effective charge per particle Z eff = 300 e-. Dotted line: theoretical calculations for hard-sphere interactions. Dashed line: no interactions (S(q)=1). Inset: Ratio of the transport mean free path and the scattering mean free path (solid squares). Solid line: theoretical calculation based on Eq. (3). When the inter-particle distance d matches the Bragg resonance condition, d=λ/2, there is an enhancement of backscattering with a corresponding reduction of the mean free path. This leads to the unexpected strong concentration dependence of 1/l * shown in Figure 2 . Thus tailoring microstructures with short range order should result in new class of materials with unusual transport properties for light. Opalescence phenomena observed in some disordered particle sediments 21, 22 have already been tentatively associated to the presence of such short range ordering. The increased scattering strength of photonic liquids together with reduced photon density of states could also open an alternative pathway to strong localization of light in disordered structures, closer to John's original proposal 2 than other previous attempts 7, 23, 24 .
For a quantitative description based on Eq.(2) the structure factor is needed. Experimental results for S(q) for these highly opaque systems could be obtained from small-angle neutron scattering (SANS) 18 as shown in Figure 3 . For colloids at low ionic strength screening of Coulomb repulsions is inhibited which in turn leads to an extended correlation hole in the radial distribution function. The preferred inter-particle distance d ≅ ρ -1/3 is given by the particle number density and a pronounced peak in S(q) is found at q max = 2π/d. For the observed minimum in the transmission at Φ~7.8% (Figure2) we find 2d= 389nm, matching exactly the Bragg condition at normal incidence (λ=390nm, external wavelength 532nm, solvent refractive index 1.365). The full transmission wavelength dependence shown in Figure 3 , for charged particles at Φ = 0.098, further supports this interpretation.
Since the results discussed above are associated to a strong backscattering, close to the Bragg condition transport should be highly anisotropic. This anisotropy should then be reflected in a strong (and unusual) difference between transport mean free path l * and scattering mean free path l 8 . Both quantities, l and l * , are connected by the scattering anisotropy parameter g, defined as the average of the cosine of the scattering angle g=<cosθ>
In absence of positional correlations, * l is equal or larger than l . For instance Mie-particles (or human tissue 25 ) scatter strongly in forward direction (small scattering angles θ) and hence g>0 while for Rayleigh scatterers g=0. We have determined experimentally the scattering mean free path by line-of-sight transmission measurements (unscattered beam attenuation) using a focused laser beam and reduced optical paths between 50 and 1000µm. The results are shown in inset of Figure 2 . For Φ < 0.1 we find, for the first time in a non-absorbing medium, negative gvalues. For the same set of parameters the transmission coefficient is indeed reduced which reflects the enhanced backscattering due to short range order. Notice that the measured ratio at the Bragg condition is close to ½. To our knowledge this is the first direct observation of such unusual optical properties. We thus believe that, in analogy with the electronic case, liquid ordering may favor strong Anderson Localization (SAL) at visible wavelengths. John suggested 2 that since in the presence of Bragg scattering the photon density of states is reduced, the Ioffe-Regel condition for SAL k 0 l * <1 has to be interpreted such that the fluctuations ∆q of the wave vector around the Bragg plane q=2k 0 become relevant, rather than the free wave number k 0 . For photonic liquids ∆q should roughly correspond to the width of the first peak in S(q) and the Ioffe-Regel condition could be met much more easily compared to completely random configurations. We thus believe that liquid ordering of monosized high refractive index particles may provide the key to find materials that, unequivocally 7, 26 , show SAL. In this context we should stress that the transport properties rely not only on the interplay between order and disorder but also on the scattering properties of individual particles. Mie particles ( 0 1 k R > ) posses an increased scattering cross section but at the same time strong forward scattering might inhibit the backscattering effects described before. , hence for a given particle size the resonant volume fraction is . This result reflects the simple fact (since 1 Φ < ) that the particle size sets a lower bound for the inter-particle distance, d>2R, hence for 0 / 2 k R π > resonant behaviour is precluded. However, for 0 1 k R ≥ where the single particle cross section is maximal and forward scattering is still moderate, resonant scattering is well possible for Φ~0.1-0.65.
LIQUID METALS
When metals melt they retain their high electrical conductivity. However their resistivity does increase when entering the liquid state since scattering with the ionic core becomes more pronounced due to the loss of an ordered lattice structure. In seminal papers Ziman (1961) and Ashcroft and Lekner (1966) derived a theory for the transport of electrons in liquid metals 27, 28 . The basic idea is to consider the propagation of free electrons in a correlated sea of metal ions. Scattering of the electrons from the ionic cores is confined to a spherical Fermi energy shell 
Since scattering is confined to the Fermi surface we can rewrite this expression in terms of the scattering vector q=2k F sin(θ/2) Thus, at this level of approximation, the theory describing the propagation of electrons in liquid metals and photons in colloidal suspensions is identical. The only difference lies in the shape of the single particle/ion differential cross section which is given by a scattering matrix element (electrons) or the Mie scattering function (photons).
The consequences of this interference term on electron transport have been widely discussed (see e.g.
29
) and we would like to cite only a few examples. In early discussions Ziman and Bradely et al. where using the resistivity and structural data from liquid metals to deduce the average band gap of the same metal in the crystalline state 27, 30 . Band or pseudo band structure in amorphous metals and alloys have also been discussed e.g. by Hafner and Jank or by Kroha et. al. [31] [32] [33] . Electron transport is reduced when the peak of the structure factor matches the Bragg resonance condition. While the photon energy can be chosen at will, in electronic systems the Fermi energy scales with the number of valence electrons per atom. Also the number density of atoms can only be slightly varied under normal conditions. Note that as a direct consequence for monovalent metal atoms (alkali-metals) the Fermi wave vector k F takes values much smaller than the peak of S(q). In this regime positional correlations are thus responsible for the relatively long electron mean free paths measured in many of these simple liquid metals.
AMORPHOUS PHOTONICS: CALCULATIONS OF THE LOCAL DENSITY OF STATES
As we have seen, short range structural order enhances the scattering strength close to the Bragg condition while, at the same time, the total light transmission shows strong wavelength dependence. The observed behavior suggest some similarities between the optical properties of these colloidal liquids and those found in photonic crystals. Recent calculations 34 for Mie-spheres show that the density of "resonant" states of a cluster as small as 32 spheres exhibits a well defined structure similar to the density of electromagnetic states of the infinite photonic crystal. The formation of small ordered clusters could then lead to a significant modification of the density of electromagnetic states in a random collection of monodisperse spheres 34 . As shown below, the analysis of the photon local density of states (LDOS) 35 in strongly correlated colloidal liquids shows that the similarities are much closer than expected, even for an assembly of Rayleigh (non-resonant) particles. As a first approach, we have numerically calculated the LDOS for an assembly of 500 colloidal particles. For simplicity, we consider each particle as a Rayleigh scatterer with tunable polarizability. The LDOS (at the centre of the assembly) can be obtained from the total power radiated from a dipolar point source 35, 36 . The calculation takes into account all multiple scattering effects. The particle positions for the liquid structure, generated by Brownian Dynamics simulations (Dr. V. Lobaskin, MPI Mainz, Germany), present a pronounced peak in S(q) at q max~2 π/d similar to that discussed in Figure 2 and 3. Figure 5 shows the calculated LDOS (normalized to the free space LDOS) of a 500 particle assembly for both correlated liquid structure and FCC crystal structure (a snapshot of the system is also included in Figure 5 ). The strong similarities indicate that amorphous photonic structures might posses similar optical transport properties as compared to some crystal structures. The generalization of these calculations to Mie-spheres and the direct comparison to our experimental results is in progress.
SUMMARY
Interestingly the approach of using local order to manipulate the propagation of light has been ignored almost completely in the past, despite the many studies around photonic materials, light transport and localization 4, 37 . We therefore expect our results to be of substantial use in the interpretation of previous experiments on strongly scattering materials 8, 21 . For example it remains still mysterious why semiconductor powders with comparable optical contrast yield rather different values for k 0 l * 23, 26 . Finally we would like to point out that the unusual properties of photonic liquids could also lead to interesting applications. Titanium dioxide nanoparticle based sunscreen lotions for example require efficient blocking of UV light while retaining a high transparency for visible wavelengths. As we have shown in Figure 3 photonic liquids fulfill this requirement significantly better than random particle assemblies. Since electrostatic interactions are weak in nonaqueous conditions, forces mediated by polymers, surfactants or excluded volume interactions could be used to tailor the desired structural properties. The latter could be achieved by coating the nanoparticles with a polymer shell that matches the refractive index of the suspending oil. A desirable side effect of this approach would be the encapsulation of the nanoparticles, which have come under scrutiny due to their potential toxicity 38 . Photonic liquids could also be used as tunable optical filters and switches, for example in windows that change from opaque to clear, provided particle interactions can be controlled externally. Recently it has been shown that under well defined conditions an external electric field can play the role of an effective temperature and thus modulate the interaction potential in a controlled way 39 . Although our systems are different, the strong wavelength dependence of our photonic liquids together with a similar field effect suggests intriguing and exciting applications in manipulating the propagation of light.
